The ability of MALDI-MS to differentiate between oligomeric species in polymer samples of relatively low molecular weights (approximately < 20 kDa) has enabled the determination of end groups [8, [14] [15] [16] . MALDI-MS can be a very powerful tool for end group analysis, especially when used in conjunction with NMR spectroscopy which is commonly used for determination of their structures. It has also recently been shown that the masses of end groups may be inferred from the fragment ion peaks in the MALDI-collision induced dissociation spectra of polymers [17] . The principles of time-lag focusing were originally reported by Wiley and MacLaren in 1955 [18] and were applied to MALDItime-of-flight (TOF) by Cotter et al. [19] . Time-lag focusing-MALDI-MS has recently been used for end group determination of low molecular weight poly(ethylene glycol)s [20, 21] and has been shown to increase both the observed resolution and sensitivity in spectra of polymers [22] . This paper shows some time-lag focusing MALDI data for synthetic polymers with molecular weights of less than 15 kDa and indicates the potential for end group analysis of these systems.
Experimental

Mass spectrometry
The time-lag focusing UV-MALDI data were obtained using a Tofspec E (Micromass, Manchester, UK) TOF mass spectrometer, operated in linear or reflectron mode at an accelerating voltage of 25 kV. A hybrid microchannel plate-electron multiplier detector was used and was sampled at 500 MHz. A VSL-337i nitrogen laser (Laser Science Inc.) was employed, operating at 337 nm with a pulse width of 4 ns and a maximum energy output of 180 µJ.
For the data shown here an external multi-point calibration was employed giving a mass accuracy of approximately 0.03% in linear and 0.01% in reflectron mode. The same mass of polymer was used as that for the experiments [22] . PMMA A, PMMA B, PMMA C and PMMA D were the calibration compounds for MALDI-MS analysis of the methacrylate polymers. Average molecular weight data (M n , M w and polydispersity) was generated using the PC based software called Poly (Micromass) using the formulae shown below.
Polydispersity
Sample preparation
All polymer standards were purchased from Polymer Laboratories (Church Stretton, UK), except poly(styrene) E and poly(styrene) F which were from Aldrich Chemical Co. (Gillingham, UK) and were used without further The most probable mass or peak average molecular weight (MP) and polydispersity values of the polymers, which are estimated by the manufacturer using GPC, are 2010 and 1.10 for PMMA A, 5270 and 1.06 for PMMA B, 10300 and 1.06 for PMMA C, 20200 and 1.06 for PMMA D, 1700 and 1.06 for poly(styrene) A, 3250 and 1.04 for poly(styrene) B, 7000 and 1.04 for poly(styrene) C and 11600 and 1.03 for poly(styrene) D. The mean molecular weight generated by viscometry, also estimated by the manufacturer, is 24150 for poly(styrene) E. The structure of the end groups of PMMA E, PMMA F, PMMA G, PMMAH and PMMA I were determined by nuclear magnetic resonance spectroscopy (data not shown). Average mass data was not available for these polymers.
Calibration
All solutions were prepared at a concentration of 10 mg/mL. 
Single components
Solutions of poly(styrene) F, matrix and silver salt were mixed in a 1:10:1 ratio (v/v) before application of approximately 0.5 µL to the sample stage. The alkali metal salt was again applied to the sample disk before deposition of the sample and matrix for analysis of PMMA E, PMMA F, PMMA G, PMMA H and PMMA I. The separate matrix and sample solutions, each at a concentration of 10 mg/mL, were mixed in a 10:1 ratio (v/v).
Results and discussion
Instrument performance
The basic parameters of mass range, resolution and mass accuracy need to be established, as is the case with all new mass spectrometry techniques. This is particularly important in the case of polymer characterisation as these materials are typically complex mixtures. Additional problems, in terms of the dynamic range of the experiment, are imposed by the need for quantification of the many oligomers, often over wide mass ranges, that are typically present. The oligomeric adduct ions that are observed in the MALDI spectra should reflect the relative intensities of the respective species in the original sample. Figure 1 shows a time-lag focusing UV-MALDI spectrum of poly(styrene) F with an approximate molecular weight of 12.5 kDa. The distribution of oligomeric adduct ions is resolved to baseline. The average molecular weights, calculated from the MALDI data for polystyrene F, are shown in table I. The use of time-lag focusing significantly improves the resolution and signal-to-noise that is observed. A spectrum of a sample of similar average molecular weight was obtained by means of FD-MS [23] . The ions observed in the FD-MS spectrum were molecular ions, M+ . [23] , whereas adducts with silver ([M+Ag]+) are seen by means of MALDI-MS. These spectra indicate that there is no significant mass dependence of the detector over this mass range. The advantage of the MALDI-MS experiment is the short time-scale of analysis. MALDI spectra can be acquired in seconds whereas FD spectra take in the region of one-to-two hours. Spectra of polymers of even higher molecular weight may be acquired successfully by means of MALDI-MS [24] but the attainable resolution is, as yet, not sufficient in general to differentiate the oligomer structure above approximately 30 kDa, depending on the mass of the repeat unit.
End group characterisation
One of the most important areas of polymer characterisation in which MALDI-MS has a significant contribution to make is in the characterisation of end groups. The ability of the technique, in this case, to be able to establish the mass to approximately 1 in 5000 Da means that information regarding the molecular mass of end groups can be established within these experimental limits.
Poly(methyl methacrylate)s are well studied by MALDI-TOF-MS [3, 5, 9, 25, 26] since the molecular weight range is often amenable to study and the end groups are of considerable practical importance. The UV-MALDI spectrum of PMMA E, acquired in reflectron mode, is shown in figure 2 . The spectrum is dominated by one series of ion peaks which have m/z ratios that are consistent with the proposed structure 1 (Fig. 3) for the polymer, as determined by NMR spectroscopy. The calculated M n , M w and polydispersity values are shown in table I. The observed resolution (see inset to Fig. 2 ) is approximately 8900 (FWHM) which would easily enable the differentiation of end groups differing in mass by 2 Da in this molecular weight range. This would be the case, for example, when a sample has a mixture of both a saturated and unsaturated terminating group at one end of the polymer chain. A similar resolution was observed in the Fourier-transform ion cyclotron resonance-MS spectrum of a poly(ethylene glycol) sample with a similar average molecular weight [14] . Figure 4 shows the MALDI spectra, acquired in the linear mode of operation, of some PMMA samples with unusual end groups. The peak molecular weight, as observed by mass spectrometry, (M m ) values [27] are approximately 4500, 4500 and 6000 Da respectively (see Tab. I for M n , M W and polydispersity values). The main series in each of the spectra have the proposed structures 2, 3 and 4 ( Fig. 3 ) but other species are also observed, including those with cyclic and hydrogen end groups (structures 5 and 6, Fig. 3 ). These spectra indicate the importance of being able to resolve the ion peaks for different oligomers in the mass range to be studied and the requirement for good mass accuracy.
The UV-MALDI spectrum of a novel PMMA sample of higher molecular weight is shown in figure 5 . The calculated average molecular weight data for this polymer are shown in table I. Two intense series of peaks are observed in the spectra and the proposed end groups for these series are shown (structures 7 and 8, Fig. 3 ). The two distributions are of distinctly different shape and have been assigned as species with hydrogen end groups (7) and a cyclic end group (8) . Other series of low intensity are observed in the spectrum as a consequence of the high resolution and signal-tonoise ratio. These species were not observed in the MALDI-MS spectrum obtained without time-lag focusing, due to the lower signal-to-noise and resolution. 
Conclusions
Time-lag focusing-MALDI has been shown here, and in other reports [20] [21] [22] , to significantly increase the signal-tonoise ratio and resolution that is observed in spectra of synthetic polymers. This is especially important for the determination of the end groups, especially those of low abundance which may not be seen when prompt extraction is employed. This technique, in conjunction with other improvements in instrumentation such as detector performance, should mean that MALDI-TOF has an important role to play in the analysis of these compounds in the future. More experiments are needed, however, to determine whether the quantitative determination of the relative proportions of different end groups in polymers is possible by MALDI-MS.
